Abstract-A new passive 28-step current shaper for three-phase rectification is proposed in this paper. With a phase-shifting transformer on the ac side and six interphase transformers on the dc side, per-phase input current can be shaped into a 28-step sinusoidal waveform. The total harmonic distortion of ac input currents obtained is 6.54%, lower than one-half of that in a conventional 12-pulse converter. The transformer voltampere rating is also lowered down to one-fifth of that in a 12-pulse converter. A 2-kW experiment is performed to verify the proposed circuit.
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I. INTRODUCTION
I N ORDER to solve the problem of large current harmonics in three-phase rectification systems, many power-factor-correction (PFC) approaches have been proposed to shape ac input current waveforms in phase with sinusoidal input voltages. Generally, PFC techniques are classified into two categories: active type and passive type. An active three-phase PFC circuit, such as a boost-type circuit [1] , mainly consists of front-end inductors and power semiconductor switches. Due to the fast switching operations of power devices, the inductors are charged and discharged at switching frequency so that ac input currents can be shaped into line-frequency sinusoidal waveforms. Although the corrected power factor is up to 0.99 or higher, these kinds of techniques are not suitable for high-power applications.
As to passive PFC circuits, a conventional 12-pulse converter [2] , in which two six-pulse rectifiers each behind a wye/wye and a wye/delta isolation transformer are connected through an interphase transformer to ensure independent operations, is often used to provide 12-step input current waveforms. To further increase current steps with lower harmonics, and to reduce the heavy weight and big size of the isolation transformer in a conventional 12-pulse converter, several approaches have been proposed. For example, a phase-shifting transformer in [3] replaces the wye/wye and wye/delta isolation transformers to reduce voltampere rating, but without isolation. In [4] , tapped interphase transformers are introduced to produce 18-step ac input currents, and, when additional zero-sequence blocking transformers (ZSBTs) are added [5] , 24-step ac input currents are obtained as a result.
Based on similar concepts, a new passive input current shaper for three-phase rectification is presented in this paper. Publisher Item Identifier S 0278-0046(00)10254-0.
The shaper is composed of a phase-shifting transformer on the ac side of diode rectifiers and six interphase transformers on the dc side. By using four specially tapped interphase transformers, the problem of volt-seconds imbalance from different rectified voltages is solved, and input current steps can be thus increased up to 28 with the total harmonic distortion (THD) of only 6.54%. In addition, circuit size and weight are reduced because of low voltampere ratings of the transformers used. Basic operating principles and waveform analysis are discussed in the following sections. 2-kW experimental results are also provided.
II. DESCRIPTION OF THE PROPOSED CIRCUIT
Fig . 1 shows the proposed circuit diagram. It is divided into three parts: the phase-shifting transformer, three diode rectifiers, and six interphase transformers.
A. Phase-Shifting Transformer
The phase-shifting transformer produces additional two sets of three-phase voltage sources from the original three-phase input. First, a three-phase transformer is connected in delta on the primary side with three-phase input voltages and three 90 phase-shifted voltages are induced on the secondary side. The three input lines are then connected to secondary windings at midpoints. Referring to the phasor diagram in Fig. 2 , if a voltage source is expected to have a phase difference with , then (1) where (2) is positive when leads in phase. In this way, three sets of three-phase voltage sources are obtained: ( ), ( ), and ( ), where The inverse transformer winding ratio is (6)
B. Three Diode Rectifiers
Each diode rectifier consists of six diodes connected in bridge, being able to rectify one set of three-phase voltages to a six-pulse dc voltage. The rectified voltages relative to the neutral point then become input voltages of the interphase transformers following behind.
C. Six Interphase Transformers
Interphase transformers were used to ensure independent operations of two rectifier circuits originally. A tapped interphase transformer with diodes was then designed to change the ratio of its input currents according to input voltages and tapping ratios. In this current shaper, two conventional interphase transformers and four specially tapped ones are employed to achieve 28-step operation.
As shown in Fig. 3(i) , is an interphase transformer with four taps . Tap is the first input terminal. Tap is the output terminal. Taps and are connected to the second input through diodes. Its input voltages, and , are rectified outputs of and relative to neutral point , respectively. By using the computer-aided mathematical tool MATLAB, waveforms of voltages and currents in the circuits are drawn in Figs. 4 and 5 for illustration. From Fig. 4(i) , because of unequal average values of and , the unbalanced volt-seconds of would result in saturation of . To alleviate this problem, point is tapped at such a position that the winding ratio of segment and segment is 2.665, which is exactly the ratio of the area of above the time axis to that below the axis, as shown in Fig. 4 (ii). Two diodes are now connected to tap , so that when , the dark diode conducts current, and (7) Similarly, when , the white diode conducts and (8) In this way, the volt-seconds can be balanced and the ratio of input currents can be adjusted by changing tapping ratio . Waveforms of and are shown in Fig. 4(iii) . A conventional interphase transformer , shown in Fig. 3(ii) , is inserted between and dc load. forces its input terminals each to share half the output current to ensure independent operations of input circuits. The voltage waveforms on input terminals of , and are shown in Fig. 4(v) . Fig. 4(vi) shows voltage difference on . Note that there is no saturation problem.
With these two kinds of interphase transformers, the dc output voltages relative to the neutral point are regulated as Fig. 4(vii) shows, ideally, and the output voltage difference is shown in Fig. 4(viii) .
III. ANALYSIS OF AC INPUT CURRENTS AND DC OUTPUT VOLTAGE

A. Synthesis of AC Input Current Waveforms
Referring to Fig. 1 , the input current per phase is split into five branch currents. For phase a,
where (10) (11) are transformer primary-side currents.
Also refer to Fig. 5(i)-(iii) . Each of six diodes in a diode bridge conducts current 120 per cycle, which results in the positive and negative half wave of contributing to one-third of . If further leads by and lags by , then conduction period of leads by and conduction period of lags by . Thus, from (6), the inverse winding ratio of the phaseshifting transformer determines starting angles of , and , while, from (7) and (8), the tapping ratio of determines their waveforms. If and are adjusted properly, a 28-step input current is obtained, as shown in Fig. 5(vi) . A three-dimensional (3-D) plot of the THD of in Fig. 5(vi) is shown in Fig. 6 as a function of . To minimize the THD of ac input currents, is chosen 23 . The inverse transformer winding ratio is then (12) The resulting THD is 6.54%. The spectrum of in Fig. 5(vi) is also plotted in Fig. 7 , from which it is found that only harmonics exist and the largest harmonic is less than 3%.
B. Analysis of DC Output Voltage
The input voltage waveforms of are shown in Fig. 4(i 
C. Calculating Voltampere Ratings of the Phase-Shifting Transformer and Interphase Transformers
The rms value of the voltage on each primary winding of the phase-shifting transformer is (21) and the rms value of the small current on the winding is, from Fig. 5(iv) , (22) On the secondary side, the rms value of the voltage on each winding is, from (12), (23) and the rms value of the current on the winding is, from Fig. 5(i) , (24) Therefore, from (21)-(24), the average voltampere product of the three-phase phase-shifting transformer is (25) To calculate the voltampere rating of interphase transformer , from Fig. 4(i) and (ii) , the equivalent rms voltage [2] on is (26) and the rms value of the current flowing through is, from Fig. 4(iii) , (27) As a result, the voltampere rating of is obtained by
In the same way, to calculate the voltampere rating of
IV. COMPARISON WITH CONVENTIONAL PASSIVE THREE-PHASE RECTIFIERS Table I compares four kinds of three-phase rectifiers [2] - [5] with the proposed current shaper. The step number of ac input currents is increased up to 28 with the THD down to 6.54%, which is much lower than that in a conventional 12-pulse rectifier. Although more interphase transformers are required than in other circuits, their voltampere ratings are small-only a few tens of voltamperes for a 10-kW system-but they do play important parts in current shaping.
V. EXPERIMENTAL RESULTS
A laboratory experiment with the proposed current shaper is performed. A 2-kW resistive load is placed on the dc side. The rms value of ac input line-to-neutral voltages is 164 V. Average dc output voltage is about 400 V. Fig. 8(i) and (ii) shows the multistep waveforms of ac input currents. Fig. 8(iii) is the transformer primary-side current . Fig. 8 (iv) and (v) illustrates the current transitions of and in response to the voltage across . Note that the ratio of and changes when the polarity of reverses. The dc output voltage ripple is also shown in Fig. 8 (vi) with magnitude less than 5 V.
VI. CONCLUSIONS
A new passive 28-step current shaper for three-phase rectification has been proposed in this paper. With a phase-shifting transformer on the ac side and six interphase transformers on the dc side, the ac input current per phase can be shaped into a 28-step sinusoidal waveform. Because of the multistep current characteristic, harmonics are reduced and power factor is improved. Also, the low transformer voltampere ratings result in a circuit of lower cost, lighter weight, and smaller size compared to the conventional 12-pulse rectifier. On the other hand, 28-step operation depends on appropriate current sharing through interphase transformers among three diode rectifiers. A certain degree of current unbalance on the interphase transformers is inevitable and may cause large exciting current, which, in turn, may corrupt proper circuit function. The situation can be alleviated by inserting an air gap into each interphase transformer or by using interphase transformers of larger voltampere ratings [2] . In addition, three-phase input voltage distortion may somewhat disturb the operation. Those situations diverge into further studies for practical applications. 
APPENDIX
The operating principle of the interphase transformer is similar to an autotransformer. Due to the rectified voltages of unequal average values applied on it, suffers from volt-seconds unbalance. To prevent from saturation, the key is to keep balancde the volt-seconds per turn on the winding. Two diodes are then connected at taps and . Referring to Figs. 3(i) and 4(ii), the dark diode conducts in the positive half cycle of , while the white one conducts in the negative half cycle. If the turn ratio of segment ad to ac is exactly the ratio of the area of above the time axis to that below the axis, the volt-seconds per turn on the winding can be balanced.
Also, the magnetomotive force (MMF) on the winding of must be kept zero ideally. Thus, when , the total MMF on is In other words, input current ratio of can be adjusted by changing tapping ratio .
In practice, the effect of magnetizing inductance of a real transformer should be taken into account. A more realistic model of with magnetizing inductance and is shown in Fig. 9 . The modified input currents are given as (A3) (A4) where represents magnetizing current. When ,
because is always zero. When , Fig. 8 (iv) explains this phenomenon of the waveform.
